1. Introduction {#sec0005}
===============

Porcine deltacoronavirus (PDCoV) was first reported in 2012 in Hong Kong during an investigation of novel coronaviruses (CoVs) ([@bib0230]). Thereafter, PDCoV was detected in the United States and isolated from pigs suffering from severe diarrhea in 2014 by Hu et al. in Ohio, USA ([@bib0070]; [@bib0100]; [@bib0225]). Pathogenesis and virulence were subsequently investigated using gnotobiotic and conventionally raised pigs. PDCoV infection is characterized by watery diarrhea and vomiting 1--3 days after infection ([@bib0075]; [@bib0125]); it has since been detected in swine populations throughout the world, resulting in substantial economic losses ([@bib0080]; [@bib0175]; [@bib0185]; [@bib0200]; [@bib0220]).

PDCoV is an enveloped, positive-sense, single-stranded RNA virus belonging to the order *Nidovirales*, family *Coronaviridae*, subfamily *Coronavirinae*, and genus *Deltacoronavirus*. The PDCoV genome (∼25.4 kb) consists of eight open reading frames (ORFs) and contains six common coronaviral genes in the conserved order: 5' untranslated region (UTR)-ORF1a-ORF1b-S-E-M-N-3'UTR ([@bib0230]). The 5'ORF1a/b comprises two-thirds of the genome and encodes two overlapping viral replicase polyproteins (1a and 1ab), The six following ORFs encode four structural proteins and two strain-specific accessory proteins in the order: spike (S), envelope (E), membrane (M), nonstructural protein 6 (NS6), nucleocapsid (N), nonstructural protein 7 (NS7) ([@bib0085]).

Among CoV structural proteins, the S glycoprotein is abundantly produced in infected cells and has multiple functions in viral entry and pathogenesis ([@bib0090]; [@bib0245]). The S1 subunit mediates virus binding to cells through its receptor-binding domain (RBD), while the S2 subunit mediates virus-cell membrane fusion. In addition, the S protein is postulated to harbor epitopes that induce neutralizing antibodies ([@bib0165]; [@bib0255]). Hain et al. ([@bib0045]) generated a recombinant Orf virus (ORFV) that expresses the full-length PEDV S protein. An immunization challenge study in pigs showed that intramuscular inoculation with ORFV-PEDV-S elicited S-specific IgG, IgA, and a neutralizing antibody response. Inoculation with PDCoV S protein may therefore be able to inhibit PDCoV infection and induce neutralizing antibodiess against PDCoV infection.

Several studies have shown that potent neutralizing antibodies against alpha- or beta-CoVs target the RBD region of the S protein ([@bib0020], [@bib0025]; [@bib0055]; [@bib0090]; [@bib0240]). The RBD regions in several CoV genera have been identified. For example, the C-terminus of the S1 domain is the RBD region of transmissible gastroenteritis virus (TGEV) in the genus *Alphacoronavirus* ([@bib0040]) and in severe acute respiratory syndrome coronavirus (SARS-CoV) in the genus *Betacoronavirus* ([@bib0095]). In contrast, the RBD regions of murine hepatitis virus and bovine coronavirus, both in the genus *Betacoronavirus,* are located in the N-terminus of the S1 domain ([@bib0150], [@bib0155]). However, the immunodominant neutralizing region associated with delta-CoVs, such as PDCoV, has not been identified.

Recent elucidation of PDCoV spike protein structures by cryo-electron microscopy reveal that the S1 subunit consists of four individually folded domains, designated A, B, C, and D ([@bib0235]). Recently, Li et al. ([@bib0105]) demonstrated that the porcine aminopeptidase N, previously known to be a functional receptor for transmissible gastroenteritis virus (TGEV), also interacts with the B domain of PDCoV S1 subunit and functions as a major cell entry receptor for PDCoV. Therefore, in this study, we aimed to identify the immunodominant region of PDCoV S protein, and its neutralizing epitopes. Based on previous structural data and the location of the RBD region in the S protein of PDCoV ([@bib0105]), three truncated S proteins spanning the entire S domain were produced using an *E.coli* expression system. The constructs were designated NTD (N-terminal domain of the S1 subunit, amino acids (aa) 50-286), CTD (C-terminal domain of the S1 subunit (aa 278-616), and the S2 subunit (aa 601-1087). We purified the recombinant proteins and inoculated rabbits and mice to produce NTD-, CTD-, and S2-specific polyclonal antisera. Sera from NTD-, CTD-, and S2-inoculated mice had PDCoV neutralization activity after the second boost. All antisera, from mice and rabbits, exhibited anti-PDCoV activity *in vitro*, determined by virus neutralization, fluorescent focus neutralization, and plaque-reduction neutralization assays. Among the three antisera, the CTD-specific sera showed the most potent PDCoV inhibitory effect, indicating that the CTD region may contain the major neutralizing epitope(s) of the PDCoV S protein.

2. Materials and methods {#sec0010}
========================

2.1. Ethics statement {#sec0015}
---------------------

All the animal experiments were performed in strict accordance with the guidelines and regulations of the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People's Republic of China. All experiment in this study were approved by the Institutional Animal Care and Use Committee of Sichuan Agricultual University(IACUC\#RW2016-090).

2.2. Cells, viruses, and antibodies {#sec0020}
-----------------------------------

Swine testis (ST) cells (ATCC CRL-1746) were cultured in Dulbecco's modified Eagle medium (DMEM, Gibco, USA) with 10 % fetal bovine serum (PAN-Biotech, Germany) at 37 ℃ in a humidified 5 % CO~2~ atmosphere. The PDCoV strain CHN-SC2015 was isolated from a diarrheal piglet in Sichuan Province (GenBank accession No.MK355396). The virus was propagated in ST cells and DMEM supplemented with 5 μg/mL of trypsin. The titers of CHN-SC2015 strain during several passages were up to 10^6^·^64^ TCID~50~ /ml. Horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG and fluorescein isothiocyanate (FITC) labeled goat anti-mouse IgG were purchased from Beijing Biosynthesis Biotechnology Co., Ltd. (Bioss, Beijing, China). HRP conjugated goat anti-pig IgG was purchased from ABclonal Technology Co., Ltd (ABclonal, Wuhan, China). An anti-PDCoV N-protein monoclonal antibody (mAb) and pig anti-PDCoV CHN-SC2015 polyclonal serum were prepared and stored in our laboratory

2.3. Plasmids design and protein expression {#sec0025}
-------------------------------------------

The S gene of PDCoV consists of three overlapping regions, the N- and C-terminal domains of the S1 subunit (NTD, aa 50-286 and CTD, aa 278-616), and the S2 domain (aa 601-1087) ([Fig. 1](#fig0005){ref-type="fig"} A). Viral RNA was extracted from infected cell supernatants using TRIzol Reagent (Sangon Biotech, China). The RNA was reverse transcribed using a Transcription First Strand cDNA Synthesis kit (Takara) according to the manufacturer\'s instructions. Gene-specific primers were designed using Primer 5.0 software based on the published CHN-SC2015 sequence ([Table 1](#tbl0005){ref-type="table"} ). The three S gene segments were amplified by RT-PCR then each was cloned into a pET32a (+) expression vector, the resulting plasmids are henceforth referred to as pET32a-NTD, pET32a-CTD, and pET32a-S2. The recombinant plasmids were separately transformed into Transetta(DE3) cells, protein expression was induced with 0.8 mM IPTG for 3--6 h. Protein expression was analyzed by SDS-PAGE. The recombinant proteins were purified as previous described ([@bib0120]). The concentration of the purified proteins was determined using an enhanced BCA protein assay kit (Beyotime, China).Fig. 1Expression of PDCoV S protein segments and comparison of reactivity with pig anti-PDCoV. (**A**) Schematic showing locations and lengths of the three antigenic S fragments. The S gene was divided into overlapping sections, the N-terminal domain of subunit S1 (NTD, aa 50-286), the C-terminal domain of S1 (CTD, aa 278-616), and S2 (aa 601-1087). The segments were amplified by RT-PCR and then cloned into a pET32a (+) expression vector. Transetta (DE3) cells harboring pET32a-NTD, pET32a-CTD, or pET32a-S2 were induced by IPTG, and cells were collected 4 h after induction. The proteins were purified and diluted to the same concentration (750 μg/ml). (**B**) SDS-PAGE was performed to analyze protein expression. (**C**) Expression products were specifically recognized on a western blot using polyclonal pig antisera against PDCoV. (**D**) Band intensities on the western blot were analyzed using ImageJ. Experiments were performed three times. In each experiment, band intensity values were compared and the intensity of NTD was defined as 100 %.Fig. 1Table 1Oligonucleotide primers used for PCR.Table 1PrimerNucleotide sequence (5′--3′)[a](#tblfn0005){ref-type="table-fn"}NTD-F*CGGGATCC*ATG AATAACTTTGATGTTGGCGNTD-S[CCCTCGAG]{.ul}AGATTTAGGGTCGGAGTAGAACCTD-F*CGGGATCC*ATG GATGGGTTCTACTCCGACCTD-S[CCCTCGAG]{.ul}TGAGGTGTATTGTGCCAGTS2-F*CGGGATCC*AATGGCAACAGCCGTTGTCTS2-S[CCCTCGAG]{.ul}GAGCCATTCAAGGTCAACTAGA[^2]

2.4. Western blot analysis {#sec0030}
--------------------------

Equal amounts of purified proteins were separated on a 10 % SDS-PAGE gel, then transferred to a polyvinylidene fluoride membrane (PVDF, BIO-RAD). The membrane was blocked with 2 % bovine albumin V (BSA, Solarbio, China) in PBST (PBS with 0.1 % polysorbate-20), after 2 h the membrane was incubated with pig anti-PDCoV serum (dilution) for 8 h at 4 °C. The membrane was then washed four times with PBST, and incubated with HRP conjugated goat anti-pig IgG (1:5000 in PBST) for 1 h at room temperature. The membrane was washed again four times and the proteins were visualized using enhanced chemiluminescence reagents (ECL; Bio-Rad, USA).

2.5. Antibody production {#sec0035}
------------------------

Rabbits were inoculated with the purified recombinant proteins (NTD, CTD, or S2) for production of polyclonal antibodies, as previously described with some modifications ([@bib0120]). Briefly, rabbits were inoculated with 1 mg/rabbit of recombinant protein in Montanide™ Gel 01 PR adjuvant (SEPPIC, France), then boosted three times with the same immunogen and adjuvant at 2-week intervals. Sera was taken from pre-immunized rabbits and then 10 days after each inoculation, sera were heat-inactivated for 1 h at 56 °C and stored at −20 °C.

Female BALB/c mice (6--8-weeks-old) were purchased from Chengdu Dossy Experimental Animal Co., Ltd (Chengdu, China). Mice were divided into 4 groups of 6 mice/group. Three of the groups were subcutaneously injected with 50 μg/mouse of purified protein (NTD, CTD, or S2). The last group was the negative control; each mouse was injected with the same volume of sterile PBS. All animals were boosted twice at two-week intervals. Serum samples were collected each week until 6 weeks after the first immunization. All sera were heat-inactivated for 1 h at 56 °C and stored at −20 °C.

2.6. ELISA {#sec0040}
----------

Mouse and rabbit serum titers were assessed by ELISA as previously described with some modifications ([@bib0160]). Briefly, 96-well ELISA plates were pre-coated with 1 ug/well of purified PDCoV overnight at 4 °C. Wells were blocked with 5 % non-fat milk for 2 h at 37 °C, then 100 μl of serially diluted sera was aliquoted into each well and plates were incubated for 1 h at 37 °C. Wells were washed four times then incubated with HRP-conjugated anti-mouse IgG or HRP-conjugated anti-rabbit IgG (1:5000 in PBST) for 1 h at 37 °C. Bound antibody was visualized by addition of TMB substrate (3,39,5,59-tetramethylbenzidine) (Invitrogen) for 15 min, the reactions were stopped with 1 N H~2~SO4. Absorbance at 450 nm was read using microplate absorbance reader (Bio-Rad, USA).

2.7. Virus neutralization assay {#sec0045}
-------------------------------

A standard micro-neutralization^\[21\]^ assay was used to quantify the neutralizing activity of the polyclonal serum from each rabbit and mouse group. Briefly, serial dilutions of sera, rabbit or mouse anti-NTD, CTD or S2, were mixed with PDCoV (200 TCID~50~ in 50 μl) in DMEM. The mixtures were incubated for 1 h at 37 °C to allow for formation of virus-antibody complexes. ST cells grown in 96-well plates were washed 2 times with DMEM supplemented with 5 μg/mL of trypsin, then the virus-antibody mixtures were added to each well. Control sera were treated the same way. After 1 h incubation at 37 °C, unabsorbed virus was removed and cells were overlaid with DMEM supplemented with 2.5 μg/mL of trypsin. After 72 h at 37 °C, the cells incubated with virus and preimmune sera exhibited obvious CPE, the cells incubated with no virus remained healthy. Neutralizing antibody titers were determined by the method of Reed and Muench ([@bib0170]; [@bib0210]). Results are expressed as the average of triplicates ± standard deviation.

2.8. Flow cytometry {#sec0050}
-------------------

The binding of mouse anti -NTD, -CTD, and -S2 antibodies to PDCoV-infected ST cells was measured by flow cytometry. Briefly, 2 × 10^6^ ST cells were infected with PDCoV (MOI 0.1) for 24 h, washed twice with PBS and fixed with 4 % formaldehyde in PBS, followed by membrane permeabilization with TritonX-100 for 10 min at 4 °C. The cells were again washed twice with PBS, then incubated with 1 ml of a 1:50 dilution of anti -NTD, -CTD, or -S2 mouse sera for 1 h at 4 °C. Cells were washed then incubated with FITC-goat anti-mouse IgG for 40 min at 4 °C, cells were washed again then analyzed by flow cytometry. Naive mouse antiserum was used as negative control. The flow cytometry data were analyzed using FlowJo software.

2.9. Fluorescent focus neutralization assay (FFN) {#sec0055}
-------------------------------------------------

The neutralizing activity of the rabbit and mouse anti -NTD, -CTD, and -S2 polyclonal antisera was assessed 4 weeks after the initial inoculation by a FFN assay, as previously described ([@bib0140]). The heat-inactivated serum samples were 2-fold serially diluted in DMEM and 200 TCID~50~ in 50 μl of PDCoV stock was added to each dilution and incubated for 1 h at 37 °C. The virus/serum mixtures were then added to confluent monolayers of ST cells, which had been washed twice with DMEM supplemented with 5 μg/mL trypsin, and incubated for 1.5 h at 37 °C. The overlays were removed and the cells were then incubated for 72 h in DMEM with 2.5 μg/mL of trypsin to allow for replication of non-neutralized virus. Indirect immunofluorescence staining of allowed visualization of PDCoV-infected cells. Endpoint neutralization titers were determined as the highest serum dilution resulting in a 90 % or greater reduction in fluorescent foci relative to PBS-immunized antisera controls.

2.10. Plaque-reduction neutralization test (PRNT) {#sec0060}
-------------------------------------------------

Plaque-reduction neutralization tests (PRNT) were performed to quantify the titer of PDCoV-neutralizing antibodies in the sera of PDCoV-challenged and unchallenged mice as previously described ([@bib0130]). Heat-inactivated sera were two-fold serially diluted from 1:40 to 1:320 in 100 μl of DMEM, to each dilution 50 PFU of PDCoV in 100 μl of DMEM was added, the serum/virus mixtures were then incubated for 1 h at 37 °C. After incubation, 200 μl of each mixture was aliquoted into wells of 6-well plates containing a confluent monolayer of ST cells, plates were incubated for 1.5 h at 37 °C with periodic rocking. After incubation the inoculum was removed and cells were overlaid with 1 × DMEM containing 0.6 % Avicel RC-661(FMC BioPolymer). The plates continued incubating at 37 °C for 3 days, when plaques were easily observed. The monolayers were stained with 1 % crystal violet in 20 % methanol for 30 min at RT, then washed with water. The percent inhibition was calculated as follows: % plaque reduction = (plaque count in virus only sample - plaque count in serum/virus sample) / (plaque count virus only sample) × 100. The PRNT is defined as the reciprocal of the antibody dilution required to reduce the number of plaques by 50 % relative to the control wells

2.11. Statistical analysis {#sec0065}
--------------------------

All experimental data were analyzed using GraphPad Prism version 7.0 and expressed as mean ± SD. The differences among the three groups were analyzed using two-way ANOVA. Statistical significance is indicated by\* *p* value \< 0.05, \*\* *p* value \< 0.01, \*\*\* *p* value \< 0.001, \*\*\*\**p* value \< 0.0001.

3. Results {#sec0070}
==========

3.1. Preparation and antigenicity analysis of NTD, CTD, and S2 {#sec0075}
--------------------------------------------------------------

SDS-PAGE analysis showed that the NTD (aa 50-286), CTD (aa 278-616), and S2 (aa 601-1087) fusion proteins were efficiently expressed. The proteins were purified using affinity chromatography, and their concentrations were adjusted to 0.75 mg/ml with PBS ([Fig. 1](#fig0005){ref-type="fig"}B). After separation using SDS-PAGE and transfer for western blot, the proteins were specifically recognized by pig anti-PDCoV polyclonal antisera ([Fig. 1](#fig0005){ref-type="fig"}C). Based on band density, the reaction of CTD with the polyclonal antisera was more intense than with the NTD or S2 proteins ([Fig. 1](#fig0005){ref-type="fig"}D), indicating that the CTD region may be a stronger antigenic site.

3.2. PDCoV neutralizing activity of rabbit polyclonal antisera {#sec0080}
--------------------------------------------------------------

Sera from rabbits inoculated with NTD, CTD, and S2 were tested for neutralizing antibodies against PDCoV by ELISA, virus neutralization (VN), and fluorescent focus neutralization (FFN) assays. As shown in [Fig. 2](#fig0010){ref-type="fig"} , all rabbit antisera, anti -NTD, -CTD and -S2, effectively neutralized PDCoV *in vitro.* Neutralizing antibody titers were 1:88 ± 10, 1:212 ± 11, and 1:125 ± 9.0, respectively. Pre-immune serum exhibited no significant neutralizing effect. The FFN assay ([Fig. 3](#fig0015){ref-type="fig"} ) shows that the endpoint neutralizing titer (1:256) of the rabbit polyclonal serum *vs*. CTD was higher than that for the serum *vs*. NTD or S2 (1:32 and 1:64, respectively). These results demonstrate that the NTD, CTD, and S2 proteins induced potent anti-PDCoV neutralizing antibody responses in the immunized animals.Fig. 2Detection of antibody responses and evaluation of neutralizing activity for sera of rabbit vaccinated with NTD, CTD and S2, respectively. Sera from 10 days post-last vaccination were used for the detection. (**A**) ELISA of anti-PDCoV serum IgG levels, data are presented as mean A450 ± SD. (**B**) PDCoV-neutralizing antibody titers, pre-immune serum was used for a negative control. \*\*P = 0.0031, \*P = 0.0378, \*\*\*\*P \< 0.0001 for NTD compared to pre-immune serum, S2 and CTD, respectively. \*\*\*P = 0.0005 for S2 compared to CTD. The experiment was repeated three times. Statistical differences are indicated by \* p value \< 0.05, \*\* p value \< 0.01, \*\*\* p value \< 0.001, \*\*\*\* p value \< 0.0001.Fig. 2Fig. 3Comparison of PDCoV-neutralizing antibodies in sera of rabbits inoculated with NTD, CTD, and S2. Sera were collected on day 10 after the final inoculation. (**A**) FFN assay of the PDCoV-neutralizing activity in each sera. (**B**) Pre-immune serum was used as negative control and hyperimmune pig anti-serum against PDCoV was used as positive control. (**C**) Neutralizing activity of the S-specific antisera was quantified by counting virus-infected cells after immunofluorescent staining. Percent infection based on the images in panels A and B, the FITC-positive cells in the control serum was set as 100 %. The total number cells and the PDCoV + cells were counted using three or more pictures for each dilution of sera.Fig. 3

3.3. NTD, CTD, and S2 induce humoral immune responses in mice {#sec0085}
-------------------------------------------------------------

To evaluate the immunogenicity of NTD, CTD, and S2, mice were inoculated by subcutaneous injection with identical concentrations (50 μg/mouse) of the three proteins ([Fig. 4](#fig0020){ref-type="fig"} A). Sera were collected every week after the primary inoculation and PDCoV-specific antibodies were detected using ELISA. The results showed that each protein induced PDCoV-IgG antibodies after the first inoculation, and all mice showed a significantly enhanced immune response three weeks after the secondary boost. CTD induced the highest level of IgG antibody ([Fig. 4](#fig0020){ref-type="fig"}B). The PDCoV neutralizing-activity of the mouse sera was assessed using a virus neutralization (VN) assay. PDCoV neutralization was detected 2 weeks after mice were initially inoculated and the neutralizing titers increased significantly thereafter ([Fig. 4](#fig0020){ref-type="fig"}C). Sera from the PBS inoculated control group had no significant neutralizing activity. After 4 weeks, each sera effectively neutralized PDCoV infection *in vitr*o; antibody titers were 1:218 ± 38, 1:545 ± 81, and 1: 291 ± 68, respectively ([Fig. 4](#fig0020){ref-type="fig"}C). More importantly, neutralizing antibody titers induced by CTD were significantly higher than those induced by NTD or S2 at weeks 4 and 6 ([Fig. 4](#fig0020){ref-type="fig"}C), indicating that CTD contains the main neutralizing epitope in the PDCoV S protein.Fig. 4Kinetics of anti -NTD, -CTD, and -S2 IgG production and PDCoV neutralization. (**A**) Experimental timeline. Equal doses of antigen were injected on weeks 0, 2, and 4. (**B**) Time course of PDCoV-specific IgG response in mice upon subcutaneous delivery of NTD, CTD, and S2. Blood samples were collected every week for 6 weeks, and PDCoV-specific antibodies were measured by ELISA. (**C**) PDCoV-neutralizing titers were measured every two weeks. At week four, \*P = 0.0398, \*\*P = 0.0058, \*\*\*\*P \< 0.0001 for PBS compared to NTD, CTD and S2, respectively. \*\*P = 0.0016 for NTD compared to CTD, and \*P = 0.0105 for S2 compared to CTD. At week six, both \*\*\*P = 0.0002 for PBS compared to NTD and S2, and \*\*\*\*P \< 0.0001 compared to CTD. \*\*P = 0.0028 for NTD compared to CTD, and \*\*P = 0.0033 for S2 compared to CTD. Statistically significant differences are indicated by\* *p* value \< 0.05, \*\* *p* value \< 0.01, \*\*\* *p* value \< 0.001, \*\*\*\* *p* value \< 0.0001.Fig. 4

3.4. Evaluation of the affinity of mouse polyclonal antibodies to PDCoV {#sec0090}
-----------------------------------------------------------------------

PDCoV infected ST cells were reacted with NTD-, CTD-, and S2-specific mouse antisera, collected at week 4 after the initial inoculation, then with FITC-anti mouse IgG. Antibody binding to PDCoV was evaluated by flow cytometry. As shown in [Fig. 5](#fig0025){ref-type="fig"} , PDCoV-specific fluorescence signal was generated by each sera, but the percentage of PDCoV-infected cells bound by the CTD-antisera (85.9 %), was considerably higher than NTD (60.9 %) or S2 (73.8 %) antisera.Fig. 5Evaluation by flow cytometry of the affinity of mouse polyclonal antibodies for PDCoV. PDCoV infected ST cells incubated with anti-NTD, CTD, and S2 polyclonal antisera (collected at week 4), or naive mouse antisera, then with FITC-labelled goat-anti-mouse. The red peaks represent the cells reacted with the negative control serum.Fig. 5

3.5. PDCoV neutralizing activity of mouse polyclonal antisera {#sec0095}
-------------------------------------------------------------

Neutralizing activities of the mouse polyclonal antisera were also tested by fluorescent focus neutralization (FFN) assay. As shown in [Fig. 6](#fig0030){ref-type="fig"} , the mouse antisera differed in the extent of neutralization of PDCoV infection. Based on relative amount of infected ST cells, the endpoint neutralizing titer (1:320) of the CTD serum was higher than the NTD or S2 sera (both 1:160). The results suggest that the CTD region may contain the major neutralizing epitope(s) of the PDCoV S protein.Fig. 6PDCoV-neutralizing activity of S-specific mouse polyclonal antisera. Sera collected at week 4 after the primary inoculation were used. (**A**)The PDCoV neutralizing activity of NTD, CTD, and S2 mouse antisera was determined by fluorescent focus neutralization assay (FFN; \>90 % reduction; magnification, 100×). (**B**) Serum from mice inoculated with PBS was used as negative control and hyperimmune pig anti-PDCoV serum was used as positive control. (**C**) Neutralizing activity of the S-specific antisera was quantified by counting virus-infected cells after immunofluorescent staining. Percent infection based on the images in panels A and B, the FITC-positive cells in the control serum was set as 100 %. The total number cells and the PDCoV + cells were counted using three or more pictures for each dilution of sera.Fig. 6

3.6. Plaque reduction neutralization test (PRNT) {#sec0100}
------------------------------------------------

To further demonstrate neutralization activity, a plaque reduction neutralization test (PRNT) was used to evaluate the mouse sera collected at week 4 after the initial inoculation. The PRNT titer (1:320) of the anti-CTD sera was higher than the titers obtained for anti-NTD (1:80) and -S2 sera (1:160) ([Fig. 7](#fig0035){ref-type="fig"} ). Of the three protein domains, the CTD may play a more important role in the viral infection process.Fig. 7(**A**) Plaque reduction neutralization activity of S-specific mouse polyclonal antisera. Sera collected at week 4 after the primary inoculation were used. Approximately 50 PFU of PDCoV were used to infect ST cells in a 12-well plate with or without PDCoV S-specific polyclonal antisera. PDCoV alone and PBS were used as the virus and blank controls, respectively. The images correspond to the neutralizing percentages presented in panel **B**.Fig. 7

4. Discussion {#sec0105}
=============

Several studies have shown that the S glycoprotein of CoVs is primarily involved in virus attachment and cellular entry ([@bib0035]). The S protein of CoVs contains two subunits, S1 and S2. Subunit S1 is located at the N-terminus and binds to cellular receptor(s), whereas S2 is involved in virus-cell membrane fusion ([@bib0030]). Given its critical functions in cellular entry, S protein is a high-priority target for vaccine development. S protein-specific serum or secretory neutralizing antibodies may play a key role in protection against coronavirus infection ([@bib0145]; [@bib0190]). Several neutralizing epitopes have been identified in the full-length PEDV S protein, with the majority of epitope(s) mapping to a collagenase equivalent domain (COE) ([@bib0145]). Vaccine development has therefore been focused exclusively on the COE epitope. An oral vaccine (*pPG-COE-DCpep/L393*), a recombinant *Lactobacillus casei* that expresses DC-targeting peptide fused with a COE protein, was developed by Hou et al. ([@bib0065]).

PDCoV, a newly emerged and lethal swine enteric coronavirus, poses a worldwide threat to the pig industry. To date, the immune neutralizing region or epitope of PDCoV remains unknown. Using approaches similar to those used to study PEDV, we successfully identified the immune dominant region(s) of PDCoV S protein. These regions are potentially useful as targets for vaccine or therapeutic agents to control PDCoV infection in pigs.

In order to identify the immune dominant region of PDCoV S protein, we expressed three truncated fragments covering residues 50-1087 of S but excluding the signal peptide, guided by a previous study that used cryo-electron microscopy to analyze the structure of the PDCoV S protein ([@bib0235]). The three recombinant fragments contained the NTD (aa 50-286), CTD (aa 278-616), and S2 (aa 601-1087) regions of the S protein. The purified fragments were specifically recognized on a western blot probed using polyclonal pig antisera against PDCoV. The bands migrated as expected for each protein (NTD, 46 kDa; CTD, 58 kDa; S2, 66 kDa) ([Fig. 1](#fig0005){ref-type="fig"}C). Interestingly, CTD bound PDCoV at higher a level than did NTD or S2, suggesting that the CTD region may have better antigenicity and contain more or stronger epitopes.

Purified recombinant NTD, CTD and S2 proteins were injected into rabbits to produce specific antisera. All antisera were able to inhibit PDCoV infection *in vitro*, as determined by VN and FFN assays. Amongst the three antisera, CTD-specific serum was the most effective ([Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}). However, since the neutralizing antibody in these experiments was obtained from a single time point after immunization, the result is not conclusive. To verify the relative efficacies of the antisera, female BALB/c mice were inoculated with purified protein and the corresponding antibodies was evaluated several times after immunization. The inoculated mice showed a significant increase in anti-PDCoV antibody titer after receiving the second immunization ([Fig. 4](#fig0020){ref-type="fig"}B). As shown in [Fig. 4](#fig0020){ref-type="fig"}C, anti-CTD antiserum consistently showed the highest neutralizing antibody titers by VN assay across time points. At week 4, mice inoculated with CTD showed a significant increase in neutralizing antibody titers to 1:545 (± 81.7). Similarly, anti-CTD antiserum collected at week 4 also had a markedly higher neutralizing titer (1:320) in FFN and PRNT assays ([Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"}). These results suggest that PDCoV CTD has an important role in the viral infection process.

Neutralizing antibody titers in mice inoculated with the RBD regions of MERS-CoV and SARS-CoV reached 1:1000 in VN assays after the second immunization ([@bib0050]; [@bib0205]). The three recombinant PDCoV proteins we tested generated somewhat lower neutralizing antibody responses, perhaps because the truncated region of the S protein contains non-neutralizing epitopes that compete with the neutralizing epitopes in eliciting antibody responses ([@bib0020]). More precise localization and identification of specific immune dominant epitope(s) of CTD will be needed to test this hypothesis.

The S glycoprotein of CoVs plays a critical role in mediating viral entry and inducing neutralizing antibody responses in infected individuals ([@bib0115]; [@bib0195]; [@bib0255]). Previous work demonstrated that an anti-PEDV-S2 mAb recognizing the linear epitope GPRLQPY at the carboxy-terminal of the S2 subunit exhibited neutralizing activity against PEDV ([@bib0010]). Similarly, a neutralizing mAb that specifically recognizes the S1-NTD of MERS-CoV S protein has been identified ([@bib0005]). In our study, we also found that regions S2 and S1-NTD can induce neutralizing antibody, consistent with previous reports ([@bib0005]; [@bib0010]). In addition, all CoVs use the S1-CTD or S1-NTD regions to interact with cellular receptors or co-receptors for viral attachment. The main functional RBD regions of most α-CoVs and some β-CoVs, including SARS-CoV, MERS-CoV, and HCoV-HKU1, are located in the S1-CTD ([@bib0005]; [@bib0015]). In contrast, the RBDs of human CoV OC43, MHV, and avian γ-CoV are located in the S1-NTD region. Importantly, the S-RBD region in most CoVs contains critical neutralizing sites that induce potent neutralizing antibodies ([@bib0020]; [@bib0060]; [@bib0240]). Using ten anti-PEDV-S1 mAbs, Li et al.([@bib0090]) showed that six non-overlapping neutralizing and non-neutralizing epitopes exist in the S1 subunit of the PEDV spike protein, and that most of the neutralizing antibodies target the receptor binding domain. The antibodies induced by NTD, CTD, and S2 in our study differed in neutralization capacity against PDCoV *in vitro* ([Fig. 4](#fig0020){ref-type="fig"}, [Fig. 5](#fig0025){ref-type="fig"}, [Fig. 6](#fig0030){ref-type="fig"}). The superior inhibitory and neutralizing capacity of CTD antiserum suggests that this region may contain the main RBD region or neutralizing epitopes in the PDCoV S protein.

Recently, three research groups demonstrated that pAPN is a major cell entry receptor for PDCoV, and its catalytic domain can interact with S1-CTD ([@bib0105]; [@bib0215]; [@bib0250]). In these studies, APN-knockout IPI-2I cells and ST cells were still susceptible to PDCoV infection. By analyzing the three-dimensional structures of PDCoV S1-CTD, TGEV S1-CTD, and pAPN, Zhu et al. ([@bib0250]) found that the shorter β1--β2 and β3--β4 turns in PDCoV S1-CTD may cause insufficient contact with pAPN compared with TGEV S1-CTD. These data indicate that pAPN may be a major entry receptor for PDCOV, but other unknown PDCOV receptors also exist. Li et al. ([@bib0110]) found that MERS-CoV uses both protein and sialoglycan-based receptor determinants, with binding to dipeptidyl peptidase 4 (DPP4) required for entry and cell surface sialic acids (Sias) serving as attachment factors, respectively. Data also show that DPP4 interacts with the CTD region of MERS-CoV S1 subunit ([@bib0135]), and the Sia binding site lies within S1-NTD of the MERS-CoV ([@bib0110]). In our current study, we showed that the NTD of PDCoV S1 subunit can induce neutralizing antibody responses. Importantly, the sugar-binding capability of PDCoV S1-NTD to mucin has been demonstrated using an enzyme-linked immunosorbent assay ([@bib0180]). Therefore, we speculate that one sugar receptor may interact with the NTD region in the S1 Subunit and influence the entry of PDCoV into the cell, just as Sia is used as an additional receptor for MERS-CoV cell entry.

To our knowledge, this is the first report describing the neutralizing regions within the PDCOV S protein. We found that three regions in PDCOV S protein, including NTD (aa 50-286), CTD (aa 278-616), and S2 (aa 601-1087), can induce neutralizing antibody responses, and the specific polyclonal mouse and rabbit sera efficiently inhibit PDCoV entry and infection in ST cells. Because receptor binding domains on CoVs are often targets for potent neutralizing antibodies, we speculate that the CTD and NTD regions may bind to protein and sugar receptors, respectively. Our results provide a foundation for the study of PDCoV receptors and their receptor binding domains. CTD may be more immunogenic than the NTD and S2 regions and may contain the major neutralizing epitope(s) in the PDCoV S protein. Therefore, CTD potentially offers an attractive target for the development of vaccines to prevent PDCoV infection and combat future PDCoV- disease pandemics.
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